Flexural creep tests were performed on sisal-fiber-PCL (polycaprolactone)-starch composites at different temperatures. The creep compliance increased with the increase of temperature and with the decrease of the fiber content. However, the fragmentation of the polymer macromolecules and the natural fiber fragmentation have influence on the creep behavior. The curves of compliance versus time were shifted along the logarithmic time scale to develop a creep master curve. Activation energy was determined from the shift factors. A four-parameter model was applied in order to quantify the viscoelastic behavior of the composites.
INTRODUCTION
N ATURAL FIBERS ARE an alternative reinforcement in thermoplastic matrix composite. These fibers are biodegradable, nontoxic, nonabrasive and they have low cost and density. Several authors have analyzed processing and properties of this type of composite with common thermoplastic polymer [1] [2] [3] [4] [5] [6] . The objective of this work is to prepare fully biodegradable composites, a particular class of materials obtained by the combination of a biodegradable polymer matrix with natural fibers. Although, these materials can offer very interesting properties, only few studies have been reported [7, 8] .
The mechanical properties of fiber reinforced thermoplastic composite can be modified by changing fiber concentration. Elastic modulus of these materials is typically higher than the nonreinforced material [9] . Fibers can work as reinforcement or as filler, depending on the fiber-matrix interaction, on the aspect ratio and on the critical fiber length. A strong interface is necessary to obtain stress transfer from the matrix to the fibers, which will result in materials with higher strength [7] . However, the composites have less impact strength as fiber concentration rises [10] .
In spite of the high quantity of work done on natural fiber composites, the analysis of creep behavior is still limited. Park and Balatinecz [11] have studied the creep behavior of wood-fiber-polypropylene composites. The effect of wood-fiber concentrations on creep was investigated. Maleated propylene wax was added to the propylene in order to improve the compatibility between the fiber and the matrix. Thus, the better the interfacial adhesion, the higher the strength of the composites. The extent of relative creep increases with increasing temperature. The addition of woodfibers into pure polymer greatly improved the creep resistance of the polymer matrix. Power law model was used to analyze relative creep data at each temperature. It was found that the slope of the power law was directly proportional to the temperature.
Va´zquez et al. [12] have performed flexural-creep test on bagasse fiberpolypropylene composites. They treated the fiber with an alkaline solution and the treated fiber improved the creep behavior of the composites due to the higher adhesion between the fiber and the matrix.
Saha et al. [13] studied the effect of chemical modification by cyanoethylation of jute fiber on the improvement of the creep properties of unsaturated polyester resin-based composites. Up to 80 C, the cyanoethylated jute fiber composites show much more creep resistance than those containing untreated jute due to an improved bonding at the interface between the fiber and the matrix.
The aim of the work is the study of the effect of the chemical modification (alkaline solution) on the sisal fiber and the relationship between the creep behavior with the processing variables.
EXPERIMENTAL
A commercial biodegradable polymer, MaterBi-Z ZF03 (MaterBi-Z) kindly supplied by Novamont, Italy, was used as the matrix. Brascorda, Brazil supplied the sisal fibers. MaterBi-Z is a thermoplastic material made by polycaprolactone (PCL), starch and additives, as it was described in a previous work [14] .
An alkaline treatment was performed on the fibers. Fibers were placed in a stainless steel vessel with a 10% p/v solution of NaOH and continuously stirred for 1 h at 80 C. Afterwards, fibers were washed with distilled water and oven dried at 100 C until constant weight was achieved. An intermeshing, counter-rotating twin-screw extruder (Haake Rheomex CTW 100) was used to disperse the fibers in the polymer matrix. Composite films were obtained by using a Haake calendering device. Different fiber contents were analyzed: 10, 20, 30 and 40 wt %. Several runs in the extruder were performed to obtain a well-mixed composite. The temperature profile and the residence time in the extruder are shown in Table 1 . The speed of the screw was 100 rpm and the pulling velocity was 85 rpm [14] .
The fibers were extracted from the composites by solubilizing the polymeric matrix in a mixture of dioxane at 60 C. After complete dissolution of the polymeric matrix, the solution was filtrated and the extracted fibers were dried in a vacuum oven at 60 C. Fiber length and diameter were measured on 100 fibers by optical microscopy.
Creep tests were performed with flexural creep equipment having a span to specimen depth ratio of 16 : 1 according to ASTM D-2990. The specimens Table 1 . Diameter and length of treated and untreated fiber after the processing. were cut in the parallel direction to the fibers, i.e. in the direction of the calendering process. The creep behavior of rectangular specimens (200 mm Â 5 mm Â 0.8 mm) was evaluated in bending mode using a DMA 7e Perkin Elmer analyzer. Creep tests were carried out with a constant stress of 5 MPa for 30 min at several temperatures. The constant stress level applied was chosen in order to work within the linear elastic range behavior. Samples were dried at 40 C under vacuum. They were kept at 25 C in a desiccator until the moment they were used. The development of crystallinity was monitored by calorimetric analysis using a Mettler DSC 30 differential scanning calorimeter (DSC), operating from 25 to 120 C in nitrogen atmosphere.
An Instron 4204 was used for the tensile tests. A test length of 30 mm for the fibers and a crosshead speed of 10 mm/s were employed. An average of 10 tests was taken for each sample (ASTM D 3379-75). Tensile test of boneshaped composite specimens was carried out using a crosshead of 2 mm/s (ASTM D639-90).
RESULTS AND DISCUSSIONS
The sisal fibers were immersed in an alkaline solution and temperature as was described before. The main effect of the fiber treatment is an increase of the elastic modulus and an increase of the fiber density [14] . Moreover, the treated fiber shows a high fibrillation ( Figure 1) and an evident collapse of the cellular structure as observed in the Scanning Electron Microscope (SEM) micrographs, shown in Figure 2 effects can be associated to the mechanical and density changes of the treated fibers.
The effect of the processing conditions on fiber integrity was analyzed after removal of the matrix component by dissolution in dioxane. Fiber damage during processing is evident from the observation of the fiber microphotographs (Figure 3 ). In fact, after processing fibers have a rough surface topography and fibrillation, i.e. breaking down of the composite fiber bundle into smaller fibers. This effect reduces the fiber diameter and increases the effective surface area available for contact with the matrix. The length and diameter of fiber before and after the treatment was determined and it is shown in Table 1 . The aspect ratio of the fiber (length to diameter) does not change from 10 to 30 wt% of fiber. In order to obtain 40 wt% of fiber, the temperature and the residence time must be increased (see, Table 1 ). The higher l/d was obtained for composite with 40 wt% of the treated fiber. It could be explained because the removal of the lignin matrix due to the alkaline treatment speeds up the desegregation processes (decrease of d) [15] .
The deformation of the net matrix as a function of the time at different temperatures is shown in Figure 4 . As expected, an increase of temperature results in a higher macromolecular mobility, higher deformation during creep and a similar behavior was obtained for all material investigated. Figure 5 shows the strain at 28 C for each composite with untreated sisal fibers and 40 wt% of treated fiber. The addition of the sisal fibers should produce an increase in the creep behavior resistance, and is observed up to 20 wt% of fiber. There is no influence on the curve behavior between 20 and 30 wt% of sisal fiber and there is an opposite behavior for the case of 40 wt% sisal fibers. Composites with 40 wt% of treated sisal fibers have lower deformation.
The creep behavior of the samples are a combined effect of the morphological changes, such as orientation and crystallization, molecular weight and molecular weight distribution and transition phenomena, such as glass transition and secondary transition. In our case, the fibers act as reinforcement and produce changes in the creep behavior. However, the necessary processing conditions for obtaining homogeneous composites can also produce changes in the polymer. It is known that starch fragmentation occurs during extrusion processing [16] . They indicated that the extrusion processing of starch results in a reduction in its molecular weight and molecular weight distribution besides a debranching of the amylopectic molecules. In order to determine the degree of crystallinity, the fusion heat value was evaluated for each composite (see Table 1 ). The composite with 40 wt% of untreated fiber has the lowest value, may be due to the highest shear value developed into the extruder which produces the fragmentation of the polymer molecules or the partial remotion of Lignin and Hemicellulose.
For the case of 40 wt% of treated fiber, the crystallinity value is higher than for the untreated fiber composites. It could be explained as due to the lower viscosity of the composites with higher fiber density that reduce fragmentation of the polymer molecules. Another possible explanation is that as a consequence of the treatment, part of lignin is removed from the fiber.
For the composites with 10 to 30 wt% of fiber, the fiber content slightly changes the fusion heat values. In a previous work [16] , it was found that the sisal fiber does not act as nucleating agent in the PCL/starch crystallization [17] .
The creep behavior is commonly represented by creep compliance J(t), defined as: Figure 5 . Strain of the PCL-starch composites with different content of sisal fibers: 0, 10, 20, 30 and 40 wt%, measured at a constant temperature of 28 C and constant stress of 5 MPa.
where is the constant applied stress. Creep compliance obtained at several temperatures for neat matrix is reported in the Figure 6 .
Master curves for the different composites tested were obtained shifting the creep compliance data at different temperatures, taking 28 C as reference temperature. The master curve superposition is shown in Figure 7 .
The time-temperature shift factor, a T , was calculated from the shifting procedure. Shift factor temperature dependence is related to the activation energy, Q, as following:
where R is the universal gas constant and T r is the reference temperature. This theoretical approach was applied to the experimental data obtained for all the composites evaluated. The obtained activation energy values, Q, are shown in Table 2 .
The higher the quantity of fiber, the higher the Q values, until 40 wt% of sisal fibers. The treated fiber shows lower compliance than the untreated. The activation energy value is also higher, may be due to the higher l/d value of the fibers. These results agreed with the previous one, shown in Figure 5 .
All the creep curves obtained have the same form, which can be decomposed and represented approximately by common rheological models. Burgers models is a series combination of the Maxwell and Kelvin-Voigt models, the total strain " being given by the general equation:
" where " 1 and " 2 are the elastic and viscous strains represented by Maxwell model and " 2 is the viscoelastic strain represented by the Kelvin-Voigt model. E 1 and E 2 are elastic moduli, 2 and 1 are viscosities, is the applied stress and t is the creep time. Figure 8 shows the scheme of the four- parameter model. This model has only one relaxation time, 2 ¼ 2 /E 2 . Figure 9 shows the model and experimental results for each composite. When a constant load is applied, the initial deformation takes place in the spring with the modulus E 1 . Later deformation comes from the spring E 2 and dashpot 2, in parallel and from the dashpot with the viscosity 1 .
The obtained parameters for the model are shown in Table 3 . The tensile modulus increases by the addition of the fiber. However the modulus E 1 , is constant with the fiber content from 20 to 40 wt%.
The highest flexural modulus values were obtained for the composites with 40 wt% of treated fiber. The viscosity 1 increased with the fiber content and lower flow occurred at the dashpot and the permanent deformation decreased. The viscosity in the viscoelastic part of the model, 2, increased with the fiber content and it is an indication that the fiber acts as reinforcement. The viscous creep decreased and the elastic part of the material was enhanced.
CONCLUSIONS
The effect of the sisal fiber content and fiber treatment on the creep behavior of pure matrix composites was investigated. The results show that the increase in the fiber content enhances the creep resistance of most of the samples. However, this behavior change for 40 wt% of untreated sisal fiber may be due to the lower crystallinity of this sample induced by the high shear stress value in the extruder.
The alkaline treatment produces high defibrillation of the fiber and fragmentation. Improvement of creep resistance could be obtained by optimizing the processing conditions or optimizing the fiber alkaline treatment and obtaining a lower fibrillation fiber surface.
Master curve was obtained for each material. The energy value Q can be seen as a barrier to the molecular mobility. Higher Q is related to lower mobility. In general, higher Q value was obtained with 40 wt% of sisal treated fiber.
The four-parameter model also was applied and the viscoelastic behavior is less pronounced in the composite with higher fiber content of treated fiber, in agreement with the higher tensile modulus.
